The controlled formation of ROS (reactive oxygen species) and RNS (reactive nitrogen species) is now known to be critical in cellular redox signalling. As with the more familiar phosphorylation-dependent signal transduction pathways, control of protein function is mediated by the post-translational modification at specific amino acid residues, notably thiols. Two important classes of oxidant-derived signalling molecules are the lipid oxidation products, including those with electrophilic reactive centres, and decomposition products such as lysoPC (lysophosphatidylcholine). The mechanisms can be direct in the case of electrophiles, as they can modify signalling proteins by post-translational modification of thiols. In the case of lysoPC, it appears that secondary generation of ROS/RNS, dependent on intracellular calcium fluxes, can cause the secondary induction of H 2 O 2 in the cell. In either case, the intracellular source of ROS/RNS has not been defined. In this respect, the mitochondrion is particularly interesting since it is now becoming apparent that the formation of superoxide from the respiratory chain can play an important role in cell signalling, and oxidized lipids can stimulate ROS formation from an undefined source. In this short overview, we describe recent experiments that suggest that the cell signalling mediated by lipid oxidation products involves their interaction with mitochondria. The implications of these results for our understanding of adaptation and the response to stress in cardiovascular disease are discussed.
Introduction
The formation of low molecular mass second messengers as cell-signalling molecules is well established in the redox cell-signalling field. The molecules involved in signalling are structurally diverse and include the ROS (reactive oxygen species) and RNS (reactive nitrogen species), NO, O 2
•− (superoxide radical), H 2 O 2 and peroxynitrite (ONO 2 H) [1] . In addition, in the presence of transition metals, a secondary series of reactive lipid products can be formed from the reactions with unsaturated fatty acids ( Figure 1A ). With identification of three isoforms of the enzyme NOS (nitric oxide synthase) and multiple isoforms of the NADPH oxidases, it is clear that ROS/RNS formation in the cell has the potential to be regulated. In this light, all cellular sources of ROS/RNS are now being scrutinized for their potential to contribute to redox cell signalling. This perspective necessitates that we reexamine some basic concepts in the free radical field. These are as follows.
(i) The pathology associated with ROS/RNS formation may be due to loss of control of cell signalling rather than oxidative stress [2] .
(ii) Post-translational modification of proteins by ROS/ RNS may signify that the protein in question is a 'receptor'
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for the redox second messenger: for example, the thiol redox switches that are present on a number of important cellsignalling proteins [3] .
(iii) Intracellular antioxidants such as glutathione may establish a 'redox tone' by controlling the availability of redox active proteins to participate in cell signalling [4] .
(iv) Redox signalling may involve irreversible covalent modification of proteins [5] .
In this short overview, we will examine the concept that the mitochondrion plays a role in redox cell signalling using the interaction with oxidized lipids as an example [6] .
Lipid oxidation product-dependent protein modification
ROS and RNS can react with cellular lipids directly or indirectly, generating a spectrum of products, many of which contain functional groups capable of modifying proteins ( Figure 1B ). Oxidized lipids can activate cell-signalling pathways in three different ways: (i) by non-covalent mechanisms involving binding to a protein receptor; (ii) covalent pathways leading to direct protein modification by the oxidized lipids or (iii) the activation of pathways leading to calcium influx and intracellular ROS/RNS formation.
Currently, the most detailed mechanisms relate to the covalent and non-covalent interactions of lipids with proteins. For example, protein adducts are formed through the reaction of lipid aldehydes with nucleophilic protein centres, such as cysteine, lysine and histidine, resulting in Schiff base products [7, 8] . Another mechanism of protein adduction is Michael addition, where thiolate groups of cysteine residues react with electrophilic carbon centres present in α-β unsaturated carbonyls. This functional group is present in the cyclopentenone prostaglandins, enzymatic products formed from the cyclo-oxygenase pathway and the nonenzymatic products known as the isoprostanes ( Figure 1B) . Simpler oxidation products containing this same reactive group, resulting from β-scission, include 4-HNE (4-hydroxynonenal) and acrolein. Direct evidence for the modification of cell-signalling molecules with lipid electrophiles has been obtained in a number of systems; we have termed this group of proteins the 'electrophile-responsive proteome'. For example, adduct formation with Keap-1 [kelch-like ECH (erythroid cellderived protein with CNC homology)-associated protein-1] has been observed with the cyclopentenone 15-deoxy-12,14 -prostaglandin J 2 , resulting in up-regulation of cellular antioxidant proteins under the control of the electrophile response element [5, 9, 10] . Thus reactive lipid products may transduce ROS/RNS into cellular signals through post-translational modification of critical cellular proteins. Clearly, in this model, the origin of intracellular ROS/RNS and their location relative to a source of oxidizable lipid is critical. Interestingly, mitochondria are a major source of ROS in the cell and also contain a complex lipid structure with numerous intercalated redox active proteins. 
Involvement of mitochondrial ROS in cell signalling
Recent studies are increasingly supporting the concept that mitochondrially produced ROS may act as signalling molecules in various physiological settings, including tumour necrosis factor α [11] , leptin [12] and endothelin [13] signalling. Interestingly, many of these studies suggested that the MAPK (mitogen-activated protein kinase) pathway is one of the pathways regulated by mitochondrial ROS [13] [14] [15] [16] [17] [18] . The precise mechanisms underlying the mitochondrial ROSdependent initiation of the signal transduction pathways are largely unknown.
Mechanism of ROS production by mitochondria
ROS production in mitochondria can occur at several sites, namely complex I and ubiquinone of the electron-transport chain and the tricarboxylic acid cycle dehydrogenases [19, 20] . Importantly, it is now becoming clear that each of the sites has the potential to be regulated. Identification of physiological regulators of mitochondrial ROS production is thus important in the light of redox cell signalling. Several molecules/factors have been suggested as regulators of mitochondrial ROS production, which include an elevated inner membrane potential ( ψ) [21] , Ca 2+ [22] and NO [6, 23] . In addition, ROS production through the ubiquinone/ ubiquinol redox pool can be regulated by NO. Complex I can also produce ROS itself, and in combination with complex II through a process known as 'reversed electron transport' [20] . Coupling of mitochondrial ROS formation through the process of redox tone can occur through S-glutathiolation [24] . Beyond the electron-transport chain, the tricarboxylic acid cycle dehydrogenases, specifically the 2-oxoglutarate dehydrogenase and possibly pyruvate dehydrogenase, have been shown to generate ROS when the NADH/NAD + ratio is high [25, 26] . The exogenous stimulators of mitochondrial ROS are not clear but, from our recent studies, it is evident that lipid oxidation products play a major role. 
Mitochondrial ROS-mediated signal transduction by oxidized lipids
Oxidized lipids can be derived from both exogenous and endogenous sources. For example, oxLDL (oxidized lowdensity lipoprotein), which is involved in the pathogenesis of cardiovascular disease, contains a complex mixture of reactive aldehydes, electrophilic lipids and other oxidized phospholipids. Although it has been demonstrated in a number of laboratories that exposure of endothelial cells to oxLDL induces ROS/RNS formation [27] , we have recently demonstrated that the mitochondrion is a major contributor to this oxidative signal, as shown in Figure 2 [28] . Furthermore, the individual electrophilic lipids in oxLDL such as 4-HNE cause ROS production and activate MAPK pathways in endothelial cells [29] . One of the major targets of 4-HNE is the mitochondrion, where it selectively inactivates proteins containing reactive thiols, such as 2-oxoglutarate dehydrogenase and pyruvate dehydrogenase [30] , and can thereby inhibit complex I-dependent (NADHlinked) respiration [31] .
In addition to 4-HNE, we have demonstrated that a chemically inert oxidized lipid, lysoPC (lysophosphatidylcholine), can also induce mitochondrial ROS production through a Ca-dependent process that leads to the selective activation the ERK (extracellular-signal-regulated kinase)/MAPK pathway. The mechanism remains to be defined in detail but appears to involve an interplay between the Ca 2+ -dependent mitochondrial dehydrogenases and complex I.
Summary
In this short overview, we have summarized the evidence that mitochondria can integrate redox cell signalling initiated by oxidized lipids. The scheme in Figure 3 summarizes the potential mechanisms through which both direct modification of proteins by electrophilic lipids and indirect stimulation of mitochondrial ROS can result in the initiation of cell signalling. This model offers the potential for mitochondrial therapeutics through the targeting of the regulatory mechanisms that underlie mitochondrial ROS formation.
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